Polyoxyethyleneglycolalkylether (C m E n , m=12, n=8) can induce a large torocyte-like endovesicle in human erythrocytes. The present study aimed to examine how variations in the molecular structure of C m E n (m=10, 12,14,16,18; n=1-10,23) affect the occurrence of torocyte endovesicles. Our results show that torocytes occur most frequently when m=12,14 and n=8,9. At this molecular configuration the detergents induce inward membrane bending (stomatocytic S 1 -S 2 shapes) resulting in the formation of a large membrane invagination. These detergents have a strong membrane perturbing, i.e., haemolytic, effect.
Introduction
The stomatocytogenic nonionic detergent C 12 E 8 ( Fig. 1 ) at sublytic concentrations may induce formation of a unique large torocyte-like endovesicle (torocyte) in human erythrocytes [1] . The large torocyte is different in shape from the endovesicles induced by other previously studied detergents (Fig. 2) . Other stomatocytogenic detergents, such as nonionic Triton X-100 and X-114, and cationic chlorpromazine induce many small spherical endovesicles [2, 3] . Our observations indicate that the torocyte is formed in a process where an initially stomatocytic pocket-like membrane invagination loses volume while maintaining a large surface area (Fig. 3) . The invagination finally closes, forming a stable inside-out torocyte endovesicle having a small relative volume. The endovesicle is characterised by a large flat central area and a highly curved bulbous structure along its rim (Fig. 4) . In the flat central area of the endovesicle the adjacent membranes are separated by a certain distance [1, 3] .
A comparison of the molecular structure of nonionic detergents that alter erythrocyte shape indicates that the nature of both the hydrophilic and the hydrophobic part of C 12 E 8 is essential for the capacity of C 12 E 8 to induce torocytes [1] . The present study aimed to examine how variations in the molecular structure of C m E n (where m is the number of carbons in the alkyl chain and n is the number of oxyethylene units) affect torocyte formation. To this purpose we studied the capacity of two detergent series, i.e., C 12 E n (n=1-10,23) and C m E 8 (m=10, 12, 14, 16, 18) , to induce torocytes. The relation between the torocyte-forming capacity of the detergents and their capacity to induce haemolysis, shape alterations and phosphatidylserine (PS) exposure was also investigated.
In order to understand better the stability and the mechanism of formation of a torocyte endovesicle originating from one large membrane invagination, the coupling between the lateral distribution of membrane components and the vesicle shape was studied theoretically.
This study increases our knowledge of the membrane interactions of widely used polyoxyethylene detergents. It indicates the importance of in-plane orientation ordering and the nonhomogeneous lateral distribution of membrane components (inclusions) in their effect on membrane curvature and curvature-dependent vesiculation processes in biological systems.
Materials and methods

Chemicals
C m E n detergents were purchased from Fluka (Buchs, Switzerland), except C 12 E 10 and Brij 35 (C 12 E 23 ) which were, like FITC-dextran (FD-70S) and ATP kit (366-A), purchased from Sigma (St. Louis, USA). Decylglucopyranoside was purchased from Calbiochem (La Jolla, USA).
Isolation of erythrocytes
Blood was drawn from the authors (H.H., M.B.-H., A.W., L.M.) by venipuncture into heparinized tubes. The erythrocytes were washed three times in a buffer containing 10 mM HEPES, 145 mM NaCl, 5 mM KCl (pH 7.4) and subsequently suspended in the buffer at a cell density of 1.65Â10 9 cells/ml. Experiments were performed within 24 h of blood sampling.
Incubation with detergents
Aliquots of erythrocyte stock suspension were pipetted into Eppendorf tubes containing tempered buffer with or without detergent. The final cell density was 1.65Â10 8 cells/ ml (~1.5% hematocrit). Incubation was carried out under gentle mixing.
Haemolysis
Concentration-dependent haemolysis was studied by monitoring haemoglobin in the supernatants. bHaemolysis startQ is defined as the concentration giving 5% haemolysis.
Shape alterations
The morphology of unfixed erythrocytes was studied in a hanging drop by phase contrast microscopy at 24 8C. Erythrocyte shape was classified according to Ref. [4] .
Fluorescence microscopy (FLM)
After incubation with detergent in the presence of FITCdextran (10 mg/ml), cells were washed three times. A drop of the sample was applied on a coverslip and covered with an object glass. The percentage of cells in a population carrying torocyte endovesicles was approximated by counting several sample fields. Samples from at least three separate experiments were studied. Erythrocytes were usually studied unfixed.
Phosphatidylserine exposure
PS exposure was monitored as previously described [5] . In short, after pretreatment of erythrocytes with the aminophospholipid translocase inhibitor N-ethylmaleimide (10 mM, 24 8C, 30 min, two washes) and detergenttreatment (60 min, 37 8C), 1-Al Annexin-V-FITC solution (Nexins Research BV) was added to 100 Al of experimental sample (3.8 mM Ca 2+ ) and the sample incubated for 10 min on ice. The sample was then suspended in 400-Al buffer and cells (10 4 cells/sample) were analyzed for fluorescence intensity with a FACScan flow cytometer (Becton Dickinson).
Experimental results
Haemolysis
Since we wanted to study the effects of detergents at sublytic concentrations, the concentrations at which detergents start to induce haemolysis (5% release of haemoglobin after 60 min incubation at 37 8C and 24 8C) were initially determined (Table 1 ). In the C 12 E n series, n=7,8 showed the strongest haemolytic activity, i.e., induced haemolysis at the lowest concentration. A marked decline in haemolytic activity was observed in detergents with nV4. C 12 E 23 did not show haemolytic activity. In the C m E 8 series, varying in alkyl chain length, m=14,16,18 showed the strongest haemolytic activity. A strong decline in haemolytic activity occurred when mb12, i.e., with m=10. At 37 8C haemolysis occurred at slightly lower concentrations than at 24 8C. At 4 8C haemolysis occurred at about similar concentrations as at 24 8C (data not shown). 
Shape alterations
Since it was thought that the torocyte is formed from a large membrane invagination created in a stomatocytogenic process, the shape altering characteristics of detergents were investigated. The shape alterations induced by detergents at concentrations 50% of those inducing the start of haemolysis after 60-min incubation (C H /2) at different temperatures are shown in Table 1 . In the C 12 E n series, the induced shape alterations at 37 8C varied with n from a slightly echinocytogenic effect (n=1,2), through no significant shape perturbation (n=3,4), to a significant stomatocytogenic effect (n=5-10), and back to a weak stomatocytogenic effect (n=23). C 12 E n (n=7,8) showed the strongest stomatocytogenic effect. At 24 8C less stomatocytic shapes occurred with all detergents. No stomatocytic shapes occurred at 4 8C. In the C m E 8 series, the strongest stomatocytogenic effect at all temperatures was seen with m=10. The stomatocytogenic activity declined with alkyl chain length. Notably, with C 10 E 8 marked stomatocytosis also occurred at 4 8C. With all detergents qualitatively similar types of shape alterations were also seen at concentrations 25% and 75% of those inducing the start of haemolysis (not shown). For comparison, we also tested the nonionic detergent poly(oxyethylene)20-sorbitanemonolaurate (Tween 20), which bears about 20 oxyethylene units distributed around a bulky polar head. Tween 20, which induces haemolysis at~8 mM, was stomatocytogenic at~0.8 mM (not shown).
Torocyte formation
The percentage of erythrocytes containing a torocyte after incubation with detergent for 60 min at 37 8C at C H /2 is shown in Table 1 . For comparison, data on haemolysis, shape alterations and phosphatidylserine exposure at 37 8C are included. A torocyte occurred most frequently in erythrocytes treated with C 12 E n (n=9,8) and C m E 8 (m=14,12). There was usually one torocyte structure in the cell. No or very few torocytes were formed by C 12 E n (n=2,3,4,5,23) and C 18 E 8 . No torocytes occurred in untreated erythrocytes (control). The abundance of torocytes increased with incubation time from 60 to 120 min by 50-100% (data not shown). Further increase of incubation time did not affect the abundance of torocytes. At incubations shorter than 30 min only a few torocytes were observed. The abundance of torocytes increased with surfactant concentration. At a low concentration, i.e., 25% of that at which haemolysis starts, only a few torocyte endovesicles were observed, while a largely similar number of torocytes was found at concentrations 50% and 75% of haemolysis start concentrations. The abundance of torocytes decreased with lowering of temperature (data not shown). At 24 8C torocyte endovesicles were found in erythrocytes treated with detergents C 12 E n (n=7-10) and C m E 8 (m=10,12) . No torocytes were seen in samples incubated at 4 8C. The relation between the energy status of erythrocytes and the formation of torocytes was investigated. Supplementation of the buffer with orthovanadate (5 mM), sodium fluoride (10 mM), N-ethylmaleimide (10 mM) or glucose (10 mM, see also Refs. [1, 3] ), treatments supposed to alter the energy status of erythrocytes, did not markedly affect the abundance of detergent-induced torocytes. Erythrocytes stored 3 days without glucose (4 8C) had the capacity to form torocytes. The ATP level in erythrocytes was lowered by treatment (60 min, 37 8C) with C 12 E 8 (37F6%, n=6) and chlorpromazine (27F7%, n=4) at concentrations where endovesiculation is induced. The ATP depletion induced by C 12 E 8 is in line with its strong potency to induce PS exposure in the human erythrocyte [5] . ATP may be consumed for inward transport of PS. Torocyte formation is not due to the presence of remnant white blood cells (data not shown). It readily occurred following filtration [6] of blood stock through a micro-and a-cellulose column. Torocytes survived subsequent induction of echinocytosis induced when cells made contact with glass between slides and coverslips. Thus, after their formation torocytes seem to be independent of the overall erythrocyte shape. The reason for the rather low abundance of torocyte-bearing cells even in samples treated with the most efficient detergent species remains unclear. We could find no difference in the capacity of erythrocytes from different fractions of an bagefractionatedQ [7] erythrocyte suspension to form torocytes (data not shown).
Annexin-V-FITC binding
To study whether the transmembrane phospholipid redistribution, i.e., PS exposure, is related to the torocyteforming capacity of the detergents, detergents were tested for their capacity to induce Annexin-V-FITC binding (PS exposure) at C H /2 (60 min, 37 8C) ( Table 1 ). The percentage of erythrocytes that bound Annexin-V-FITC above the control level was monitored. The number of Annexin-V-FITC positive cells was smaller with C 12 E n (n=6,8) than with (n=4,10). Few positive cells occurred with (n=23). In the C m E 8 series a decline in Annexin-V-FITC binding with an increase in m occurred. Decylglucopyranoside was included in this study since it is a nonionic detergent that does not induce torocytes. The Annexin-V-FITC binding of decylglucopyranoside was similar to that of C 12 E 8 .
Discussion
The effect of oxyethylene and carbon chain length on membrane perturbation
The length of the hydrophilic oxyethylene chain strongly influenced the capacity of C 12 E n to form torocytes, being most potent when n=8,9 ( Table 1) . The torocyte-forming potency of detergents (C 12 E 1-23 ) corre-lated positively with their haemolytic potency, and partly with their stomatocytogenic (membrane inward bending) effect, the most effective torocyte formers inducing S 1 -S 2 shapes. Concerning the membrane perturbing effect of C m E n detergents, it has previously been reported that C 12 E n where nb3 poorly expands the surface of a palmitoyloleoylphosphatidylcholine (POPC) monolayer, while the expansion increases with n from n=4 to n=8 [8] . These results were taken to indicate that the effective molecular shape of C m E n becomes more cone-shaped (large hydrophilic head group/small hydrophobic group) with an increase in oxyethylene chain length (n). The increase in molecular up-down asymmetry with the oxyethylene chain length may be due to a coiled conformation of the oxyethylene chain (see Appendix A). In accordance with monolayer studies, C 12 E n detergents with nb3 are thought to fit into a lipid bilayer without a markedly disturbing effect due to their small head groups which hardly expand the bilayer head group region [9, 10] . The effective molecular shape of these detergents has been characterised as tubular (n=2,3) or even inverted cone shaped (n=1). On the other hand, C 12 E n (nN4) appear to have a more conical shape than the membrane lipids, leading to a marked destabilisation of the membrane [9] [10] [11] . It can be suggested that besides a conical shape, a probable in-plane shape polarity of the head group of C m E n detergents may additionally increase the membrane perturbing effect. The above reported results from model membrane studies are in agreement with the results of the present study. The weak potency of C 12 E n -detergents with only a few oxyethylene units to induce haemolysis is apparently due to less effective membrane perturbation. Concerning erythrocyte shape alterations, it should be noted that these are not primarily due to detergent-induced bending in one membrane leaflet of the cell [12] , but rather to an asymmetric distribution of the detergent between the bilayer leaflets [13] . Torocyte-forming detergents induce stomatocytosis and should therefore be preferentially accumulated in the inner membrane leaflet of the cell. The mechanism behind the stomatocytogenic effect of C m E n detergents is discussed in Appendix A. When it comes to C 12 E n with a longer oxyethylene chain (nN8), increased hydrophilicity may hinder a deep membrane penetration (and flip). Accordingly, it was observed that C 12 E n (n=10) was less effective in inducing haemolysis, stomatocytosis and torocytes compared to detergents with a slightly shorter oxyethylene chain. Our results are in accordance with those of Refs. [14, 15] , showing that polyoxyethylene detergents with oxyethylene chain length (n=7-13) are haemolytic, while those with a shorter (n=4,5) and longer chain (n=20) are not. Detergents with an oxyethylene chain of medium length (n=10) were accordingly shown to increase the cation permeability in erythrocytes more than those with a short (n=4) or long (n=20) oxyethylene chain [16] . Unfortunately, data on C 12 E n binding to the erythrocyte membrane is still lacking. However, studies on C 12 E n partition into model membranes have shown that the POPC vesicle/water partition decreases from C 12 E 2 to C 12 E 8 [17, 18] . This is probably due to the increased hydrophilicity of the oxyethylene chain with increase in n. Since a largely similar qualitative relative binding of detergents to erythrocytes and phospholipid vesicles has been indicated [19] , these results suggest that binding and membrane perturbation of C 12 E n (n=2-8) correlate negatively.
The length of the hydrophobic carbon chain also influenced the capacity of C m E 8 to form torocytes, C m E 8 (m=14,12) being the most effective ( Table 1 ). The torocyteforming potency did not correlate positively in a simple direct way with the degree of stomatocytosis. C 10 E 8 induced more pronounced stomatocytic shapes (sphero-stomatocytes) than the other C m E 8 detergents, but the number of torocytes was smaller than with C m E 8 (m=14,12). Electron microscopic studies showed abundant formation of not torocytic but small spherical endovesicles in C 10 E 8 -treated cells (not shown). Thus, too strong an inward membrane bending, leading to formation of small highly curved endovesicles, apparently is not favourable for torocyte formation. Similarly, too weak a stomatocytic shape transformation (C m E 8, m=16,18) is also not beneficial for torocyte formation. The conclusion is that a stomatocytic S 1 -S 2 -like shape, involving formation of one large invagination, is the most favourable one for torocytes to be formed. The counteracting effects of membrane bending and binding may give, at the concentration used, an S 1 -S 2 cell shape with C m E 8 (m=14,12). Notably, detergents with a strong torocyte-forming potency are highly haemolytic. For C m E 8 , binding to the erythrocyte membrane increases with alkyl chain length (hydrophobicity) [20, 21] (Table 1) . Similarly, data from model membrane studies show that the POPC/water partition increases in the order C 10 E 7 bC 12 E 7 bC 14 E 7 [18] . The haemolytic potency of C m E 8 detergents may thus be related to the counterdirectional effects of binding and impact on intrinsic curvature, giving an optimum around (m=14) at 37 8C. For C m E 8 detergents, there is a negative correlation between binding and phosphatidylserine exposure. It can be suggested that detergents with a long alkyl chain bind strongly due to deep penetration of the alkyl chain into the hydrophobic portion of the lipid bilayer. At low concentrations such deep penetration may result in small bending (perturbation) of the membrane leaflet. On the other hand, detergents with a shorter chain may induce a stronger imbalance in the leaflet due to less deep penetration into the hydrophobic region.
To summarise, the torocyte-forming potency of detergents appears to depend primarily on an appropriate shape (S 1 -S 2 ) altering effect, and secondarily on a strong membrane perturbing (haemolytic) potency. As is discussed below, a strong membrane perturbation may give rise to formation and lateral redistribution of membrane inclusions, which may be necessary to give the membrane invagination a torocyte shape.
The possible role of membrane inclusions in the formation of torocyte vesicles
Within the standard bending elasticity models of the bilayer membrane [22] [23] [24] , the opposing membranes in the thin central region of the calculated torocyte vesicle shapes [22, 25] are in close contact (Fig. 5) , i.e., the resultant forces on the two membranes in contact are balanced. However, as indicated by transmission electron and confocal laser scanning microscopy, the opposite membranes in the central region of the C 12 E 8 -induced torocyte endovesicles are separated by a certain distance [1, 3] . Based on these observations, we suggested that the observed shapes of torocyte endovesicles may not be fully explained by the standard bending elasticity models [25, 26] . We have therefore studied which additional physical mechanism, besides a minimisation of the membrane bending energy, might take place in the formation of such torocyte endovesicles. Fig. 6 shows the calculated equilibrium vesicle shapes determined by minimisation of the free energy of the membrane with anisotropic inclusions, as described in Appendix B. It can be seen in Fig. 6 that the calculated equilibrium vesicle shape resembles the observed torocyte vesicle shape, which has a thin central region with the opposite membranes separated by a certain distance (Figs. 2  and 4 ). Based on these results, we propose that coupling between the nonhomogeneous lateral distribution of anisotropic membrane inclusions and the membrane curvature may offer a possible explanation for the characteristic shape of the observed torocyte vesicles with separated membranes in the flat central region of the vesicle. Tubular, conical or inverted conical isotropic membrane inclusions are unable to produce such an effect.
In the calculations of theoretical vesicle shapes (Fig. 6) , it was assumed that the inclusions are located in both lipid leaflets of the inside-outside endovesicle membrane. Location of the inclusions in only one leaflet gives an essentially similar result. Fig. 6 also shows the area density of the membrane inclusions in both membrane leaflets of the vesicles. The inclusions are accumulated at the regions of favourable curvature and depleted from the regions of unfavourable curvature. The lateral distributions of the membrane inclusions in the outer and inner layers are different.
The accumulation of membrane inclusions at the regions of favourable curvature may bring the inclusions to the The left side of the phase diagram belongs to torocyte shapes without equatorial mirror symmetry. The phase diagram shows vesicle shapes corresponding to the minimal local bending energy as a function of the relative vesicle volume (v) and of the relative difference between the areas of the two membrane lipid layers (Da). Both of these parameters are normalized relative to the corresponding values or the spherical vesicle that has the same membrane area (adapted from Ref. [25] ). Note that the predicted torocyte vesicle shapes have the opposite membranes in the thin central region of the vesicles always in close contact, i.e., there is no space between opposite membranes in the central region of the vesicles. The role of hydration forces, electric double layer repulsion and steric forces [28] in the interaction between the opposite membranes in the thin central region of the vesicles has not been considered explicitly. distance where the interactions between the inclusions become effective [27] . Therefore, growth of the torocyte membrane may be additionally driven by direct inclusioninclusion interactions.
The value of relative vesicle volume (v) and the value of the interaction constant (n), describing the strength of the interaction between the inclusion and the membrane continuum (see Appendix B), were chosen so that the calculated vesicle shape resembles the observed one as much as possible (Fig. 6) . At larger relative volumes the distance between the opposing membranes in the flat central region of the calculated stable vesicle shape would be larger, while a decrease of the relative volume would lead to closer approach of the opposite membranes in the flat central region of the vesicle. If the distance between the inner surfaces of the opposing membranes would be small enough, then at very low vesicle relative volumes the long-range electric double layer repulsion [28] should be taken into account in the minimization procedure. Since the observed torocyte endovesicles are inside-outside vesicles, the membrane glycocalyx is localized on the inner surface of the vesicle. Therefore, the electric double layer on the inner side of the vesicle membrane is almost completely generated by the negative charges of sialic acids in the glycocalyx. The around 5-nm-thick layer of glycocalyx may also generate steric repulsion [28] between the opposite membranes in the thin central region of the torocyte endovesicles. The glycocalyx may diminish or abolish short-range attractive van der Waals and short-range attractive or oscillatory hydration forces between the opposing membranes, as the estimated range of these forces is not longer than 2 nm [28] .
If the number of oxyethylene groups in the hydrophilic head of the C m E n molecule is large enough, the effective molecular shape of C m E n is conical [8] [9] [10] [11] and satisfies conditions for formation of highly curved structures [11] , such as small spherical micelles [29] . The intrinsic principal curvatures of C m E n molecules forming micelles are expected to be of the same order of magnitude as the principal curvatures of these micelles. Thus, the conical molecular shape of C m E n per se would favour the formation of many small spherical endovesicles having very large and equal positive principal membrane curvatures (C 1 =C 2 ). Such endovesicles are formed by Triton X-100 and chlorpromazine [1] . It has been shown in Fig. 6 that only membrane inclusions that have an effective shape that differs substantially from the conical molecular shape favour the characteristic torocyte vesicle shape [26] . Conical isotropic membrane inclusions are unable to produce such an effect.
The suggested anisotropic membrane inclusions may be C m E n -lipid complexes [1] or may involve proteins unanchored by the C m E n -treatment. The inclusions may show similarities with supposed membrane microdomains or rafts. In fact, we recently observed that cholesterol depletion with methyl-h-cyklodextrin, under conditions that remove membrane cholesterol and lead to abolishment of raft structures [30] , seemed to prevent torocyte formation (H7gerstrand et al., unpublished results). Only small spherical endovesicles were formed. The skeleton network normally restricts the lateral mobility and distribution of membrane embedded proteins (Ref. [31] and references therein). However, in C m E n -treated erythrocytes the skeleton-bilayer interactions could be impaired. Therefore, unanchoring and lateral redistribution of integral membrane proteins, which can in general be considered as anisotropic inclusions [32] , may be a driving force in torocyte formation.
Estimation of the average inclusion radius (R i ) from the value of the interaction constant nc10 À15 kT m 2 ( Fig. 6 ) gives us the value R i c(nk/3kk c ) 1/3 c2 nm [33] , where kc1 nm is the typical decay length of the inclusion induced membrane perturbation and k c c10-20 kT. The value R i c2 nm roughly corresponds to the area of 20 lipid molecules or to the area of the membrane protein. This is in accordance with the above assumption that the suggested anisotropic membrane inclusions are unanchored membrane proteins or C m E n -lipid complexes.
The proposed theoretical model for explaining the finite distance between the opposing membranes in the thin central region of the observed C m E n -induced torocyte vesicle shapes is in line with recent experimental results which indicate that particular membrane components in large flattened vesicles in Golgi bodies are concentrated in certain regions [34] . Thus, the finite distance in the central region of the Golgi vesicles may also be related to a nonhomogeneous lateral distribution of membrane components.
Conclusion
C m E n -induced torocyte formation in human erythrocytes apparently starts with the formation of a large pocket-like invagination in a stomatocytogenic (S 1 -S 2 ) process. The invagination finally closes, forming the characteristic torocyte endovesicle having opposing membranes in the thin central region of the vesicle separated by a certain distance. It was shown in this work that the nonhomogeneous lateral distribution of anisotropic inclusions may be essential in forming such torocyte endovesicles. Tubular, conical or inverted conical isotropic inclusions are unable to produce such torocytes. The calculated correlation between the local membrane composition and the local membrane curvature in torocyte endovesiculation indicates the importance of a curvature-dependent sorting of membrane components and a curvature-dependent formation of membrane domains in vesiculation processes in biological systems.
When a detergent is added to the erythrocyte suspension it first interacts with an almost flat erythrocyte membrane. For an almost flat membrane the lateral redistribution of anisotropic membrane inclusions is negligible [32, 35] . Therefore, we believe that the initial stage of the torocyteforming process seems to be largely driven by the stomatocytogenic effect of C m E n molecules. It is only when the stomatocytic invagination approaches a flat structure with a bulky rim that the lateral redistribution of membrane inclusions becomes important.
The involvement of C m E n -induced anisotropic membrane inclusions in torocyte formation seems plausible. The conical molecular shape of C m E n per se would not favour torocyte formation, but the formation of many small spherical endovesicles [1] . Formation of membrane inclusions apparently requires a strong membrane perturbation as indicated by the haemolytic potency of the strongest torocyte formers. It can be speculated that destabilisation of phospholipid interactions and/or de-anchoring of integral membrane proteins leads to the formation of laterally mobile membrane complexes, i.e., inclusions.
The relation between the molecular properties of C m E n and its membrane effects may probably be better understood by taking into consideration the reported charge properties of C m E n detergents, i.e., the polyoxyethylene chain (see Ref. [36] and references therein). In a hydrophobic environment nonionic surfactants containing polyoxyethylene (or similar) subunits may attract, apparently via dipole-ion interactions [37] , cations (mono-and divalent metal cations and protons) resulting in positively charged complexes [38] [39] [40] [41] . Cations are co-ordinated to oxygen atoms in the polyoxyethylene chain. In accordance with this, the positive charge character of the C 10 E 8 polyoxyethylene chain was recently reported [42] . The capacity of the ethylene chain to bind a metal cation depends on its length, increasing markedly up to n=6-7 (Ref. [43] and references therein). This relation between the oxyethylene chain length and its capacity to bind a cation may explain the relation between erythrocyte shape alterations (and monolayer expansion) and C m E n oxyethylene chain length, and thereby also the hitherto unexplained stomatocytogenic effect of nonionic detergents like C 12 E 8 and Triton X-100. Anticipating an increased cation-binding capacity with the length of the ethylene oxide chain, at a certain oxyethylene chain length (nz4) the cation binding of C m E n is apparently strong enough to result in a slight accumulation of some C m E ncation complexes in the inner membrane leaflet of the cell due to interaction with negatively charged phospholipids in this leaflet. Stomatocytosis will consequently be induced. Strong support for the view that polyoxyethylene detergents induce stomatocytosis due to their accumulation in the inner membrane leaflet of the cell after interaction with net negative phospholipids comes from experiments with fieldpulse-treated erythrocytes showing that Triton X-100 did not induce stomatocytosis in phospholipid-symmetrised discocytic cells [44] . Since C 12 E 8 has been shown to rapidly flip over (phospholipid) membranes [45] , it can be suggested that only a fraction of the membrane intercalated C 12 E 8 pool binds cations and is markedly attracted to the inner membrane leaflet of the cell. This is consistent with the slow and relatively weak stomatocytogenic effect of C 12 E 8 compared to several other stomatocytogenic detergents, e.g., chlorpromazine [46] . It seems less likely that C m E n is predominantly accumulated in the inner membrane leaflet of the cell membrane due to interactions of the oxyethylene chain directly with phospholipid head groups in this leaflet or with the membrane skeleton. Cytoskeletal proteins ordinarily do not interact with nonionic detergents [47] . Several possible membrane effects of C m E n remain to be studied. An involvement of detergent-stabilised transient membrane pores [33] in the transmembrane movements of C m E n detergents cannot be excluded. Also, it cannot be excluded that some phospholipids in the outer leaflet of the cell membrane are extracted into mixed C m E n -phospholipid micelles. Furthermore, a possible impact of transmembrane redistributions of phospholipids in C m E n -induced stomatocytic shape alterations should also be taken into account (see Ref. [48] ). C 12 E 8 has been shown to propagate phosphatidylserine exposure [5] . C m E n -induced stomatocytic shape alterations, and thereby torocyte formation, may also be affected by a possible echinocytogenic effect of ATP depletion occurring under incubation.
Appendix B. Calculation of the equilibrium inside-outside vesicle shapes with anisotropic membrane inclusions
The equilibrium shape of the inside-out torocyte vesicle corresponding to the minimal membrane free energy was determined as described in detail elsewhere [26] . To obtain the stable vesicle shape at given area (A) and volume (V), we minimised the membrane free energy, which is taken to be the sum of the local membrane bending energy [22] ,
and the free energy contributed by the laterally mobile membrane inclusions in the outer ( F o ) and in the inner ( F i ) membrane leaflet of the inside-outside vesicle [32] :
where j=o, i. The index o denotes the outer leaflet and the index i denotes the inner leaflet of the vesicle membrane bilayer, y o =1, y i =À1. Here, C 1 is the maximal and C 2 is the minimal principal curvature of the membrane, C 1m and C 2m are the intrinsic principal curvatures of the inclusions (Fig.  7) describing the intrinsic shape of the inclusion [31, 35] , k c is the local bending modulus, n and n* are the constants representing the strength of the interaction between the inclusion and the membrane continuum, C 0 is the spontaneous curvature of the membrane, dA is the infinitesimal membrane area element, D=(C 1 -C 2 )/2 is the curvature deviator, H m =(C 1m -C 2m )/2, D m =(C 1m -C 2m )/2, N j is the total number of the inclusions in the j-th leaflet of the vesicle membrane, I 0 is the modified Bessel function, k is the Boltzmann constant and T is the temperature. For the sake of simplicity, the non-local bending energy [23, 24] is not considered. If C 1m =C 2m , the inclusion is isotropic with respect to rotation in the plane of the membrane, while if C 1m pC 2m , the inclusion is anisotropic (Fig. 7) . The two principal curvatures of the intrinsic shape of the inclusion C 1m and C 2m may also describe the up-down symmetry of the isotropic (C 1m =C 2m ) inclusion [29] , as well as the in-plane polarity of the anisotropic (C 1m pC 2m ) inclusion (Fig. 7 ) [31, 49] .
In the minimisation procedure the shape of the vesicle and the lateral distribution of the inclusions are derived from the same basic assumptions [32] . Consequently, the calculated lateral distribution of the inclusions and the vesicle shape are interdependent. In this work the analysis is restricted to axisymmetric vesicle shapes parameterised by a function involving four independent parameters [26] . In the case of C m E n -induced torocyte vesicles the smaller principal radius of curvature (reciprocal of the principal curvature C 1 ) of the vesicle membrane in the peripheral region of the torocyte rim is around 100 nm, while the larger principal radius of curvature (reciprocal of the principal curvature C 2 ) in this region is around 10 times larger (see Fig. 2 ). In normalised quantities this would correspond to C 1 c10 and C 2 c1. In Fig. 6 the values C 1m =34 and C 2m =0 were taken into account.
